Partial inhibition of mitochondrial respiratory complex I by rotenone reproduces aspects of Parkinson's disease in rodents. The hypothesis that rotenone enhancement of neuronal cell death is attributable to oxidative stress was tested in an acute glutamate excitotoxicity model using primary cultures of rat cerebellar granule neurons. As little as 5 nM rotenone increased mitochondrial superoxide (O 2 ⅐Ϫ ) levels and potentiated glutamate-induced cytoplasmic Ca 2ϩ deregulation, the first irreversible stage of necrotic cell death. However, the potent cell-permeant O 2 ⅐Ϫ trap manganese tetrakis (N-ethylpyridinium-2yl) porphyrin failed to prevent the effects of the inhibitor. The bioenergetic consequences of rotenone addition were quantified by monitoring cell respiration. Glutamate activation of NMDA receptors used the full respiratory capacity of the in situ mitochondria, and Ͼ80% of the glutamate-stimulated respiration was attributable to increased cellular ATP demand. Rotenone at 20 nM inhibited basal and carbonyl cyanide p-trifluoromethoxyphenylhydrazonestimulated cell respiration and caused respiratory failure in the presence of glutamate. ATP synthase inhibition by oligomycin was also toxic in the presence of glutamate. We conclude that the cell vulnerability in the rotenone model of partial complex I deficiency under these specific conditions is primarily determined by spare respiratory capacity rather than oxidative stress.
Introduction
Mitochondrial dysfunction associated with partial deficiencies in respiratory chain complexes is implicated in aging and many age-related neurodegenerative diseases (for review, see Lin and Beal, 2006; Schapira, 2006) . Complex I [nicotinamide adenine dinucleotide (NADH)-ubiquinone oxidoreductase] deficiency in particular is implicated in Parkinson's disease (PD) (Muqit et al., 2006) and underlies the pathology associated with the mitochondrial DNA mutations in Leber's hereditary optic neuropathy (LHON) (Lenaz et al., 2004) . Although the exact mechanisms of the pathogenesis attributable to complex I deficiency are not clear, there are two major factors that can lead to a pathogenic outcome, namely bioenergetic deficit and oxidative stress. Endorsement for the oxidative stress hypothesis has come from the rotenone model of PD (Betarbet et al., 2000) , in which chronic exposure of rats to low nanomolar concentrations of the complex I inhibitor reproduces many of the pathological features of the disease. The concentration of rotenone in the brain (Ͻ30 nM) was deemed insufficient to significantly impair brain mitochondrial respiration, whereas incubation of neural cells in culture with as little as 5 nM inhibitor showed clear evidence of oxidative stress (Betarbet et al., 2000) . Similarly, a genetic model for LHON has also suggested the role of oxidative stress in neuronal degeneration because overexpression of superoxide dismutase 2 (SOD2) resulted in decreased optic nerve degeneration (Qi et al., 2004) .
Neuronal ATP demand is responsive to changes in electrical activity (Kann and Kovacs, 2006) , and, before rejecting a role for energetic insufficiency, it is important to examine the effects of partial complex I deficiency on neuronal function under conditions of high ATP demand. Chronic activation of NMDAselective glutamate receptors imposes a high ATP load on the neuron (Jekabsons and Nicholls, 2004) and can result in excitotoxicity, one of the key mechanisms of neurodegeneration after stroke, traumatic brain injury, epilepsy, and other pathological conditions (for review, see Krieger and Duchen, 2002) . Excitotoxicity is also implicated in the development of Parkinson's disease (Blandini et al., 1996) and is thus a relevant model with which to test the acute effects of rotenone. It is established that energetic insufficiency can exacerbate excitotoxicity , and, in this study, the ability to monitor the respiration of coverslip-attached neurons has allowed us to test the contribution of oxidative stress and respiratory insufficiency to the rotenone-enhanced cell death associated with chronic NMDA receptor activation in primary cultures of rat cerebellar granule neurons (CGNs). It must be emphasized that the conclusions apply specifically in the context of glutamate excitotoxicity and that because oxidative stress can damage ATP generating capacity (Vesce et al., 2005) , it should not be assumed that these are mutually opposing concepts.
Materials and Methods
Reagents. Tetramethylrhodamine methyl ester (TMRM ϩ ), MitoSOX, and Fluo-5F AM were from Invitrogen (Carlsbad, CA); rotenone and manganese tetrakis (N-ethylpyridinium-2yl) porphyrin (MnTE-2-PyP) were from Calbiochem (San Diego, CA). (5R,10S)-(ϩ)-5-methyl-10,11-dihydro[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801) and all other reagents were from Sigma (St. Louis, MO). ATP levels were determined with Sigma FL-AA bioluminescence assay kit.
Preparation of CGNs. CGNs were prepared from 5-to 7-d-old Wistar rat pups as described previously (Courtney et al., 1990 ) with modifications. Briefly, cells were plated in coverslip-based one-well (3 ϫ 10 6 cells) or eight-well (380,000 cells per well) chambers (Lab-Tek, Naperville, IL) that were precoated with 33 g/ml polyethyleneimine overnight. Cultures were maintained in minimal essential medium supplemented with 10% fetal bovine serum, 30 mM glucose, 20 mM KCl, 2 mM glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin at 37°C in an incubator with a humidified atmosphere of 5% CO 2 and 95% air. Twenty-four hours later, 10 M cytosine arabinoside was added to inhibit the growth of non-neuronal cells. Neurons were used after 7-12 d in culture as detailed.
In situ respirometry. The respiration rates of intact CGN populations were measured using a "cell respirometer" as described previously (Jekabsons and Nicholls, 2004) but with a modified imaging chamber to simplify the mounting and imaging of cells grown in one-well chambered cover glasses (catalog number 155361; Lab-Tek). Briefly, medium was slowly perfused (ϳ30 l/min) over the cells in a thin (250 m) closed imaging chamber. The deficit in oxygen concentration was monitored downstream by a micro flow-through oxygen electrode (type 16 -730; Microelectrodes, Bedford, NH) with output to a chart recorder. Unless otherwise stated, 3 ϫ 10 6 cells were used in each respirometry experiment. Coverslip-attached cells were washed in respiration buffer containing 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 20 mM Na-N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid, 5 mM NaHCO 3 , 1.2 mM Na 2 SO 4 , 15 mM D-glucose, and 60 M fatty acid-free bovine serum albumin and rapidly assembled into the respirometer with a 250 m gasket (GS-30S/10; Warner Instruments, Hamden, CT), yielding a chamber volume of 95 l. Respiration buffer that had been equilibrated for at least 90 min at 37°C in air was perfused continuously through the chamber for 20 -30 min to allow temperature equilibration. The baseline was set with buffer flowing through a bypass shunt to the electrode for ϳ5 min. The electrode response was calibrated with buffers saturated with air, 50% air plus 50% nitrogen, and 100% nitrogen. The entire respirometer assembly was contained within a custom-made enclosure to maintain the temperature at 37°C.
Functional imaging. Cells cultured in Lab-Tek eight-well chambers and preloaded with appropriate fluorescent indicators were imaged on a Zeiss (Oberkochen, Germany) Pascal Confocal Axiovert 100M microscope with a computer-driven stage. Images were collected using a 20ϫ air objective. A custom-built acrylic chamber enclosed the entire microscope stage, allowing the temperature of the objectives and cells to be maintained at 37°C. For mitochondrial membrane potential (⌬ m ) determination, cells were preincubated for 2 h with 2.5 nM TMRM ϩ in the presence of 1 M tetraphenylboron (TPB Ϫ ) to facilitate equilibration across the plasma membrane (Nicholls and Budd, 2000) . This concentration of TMRM ϩ is insufficient for aggregation within the mitochondrial matrix (nonquench mode). Subsequently, cells were washed with and incubated in respiration buffer in the presence of 2.5 nM TMRM excited at 514 nm, and emission was monitored using a 590 -650 nm filter.
Mitochondrial O 2 ⅐Ϫ levels were monitored after addition of 0.1-0.2 M MitoSOX (514 nm excitation, 590 -650 nm emission). Fluorescence was monitored for 30 min, rotenone was then added, and recording was continued for another 30 -60 min to monitor increases in mitochondrial O 2 ⅐Ϫ levels. The relative levels of O 2 ⅐Ϫ were calculated from the slopes of the MitoSOX fluorescence traces before and after addition of rotenone. Membrane potentials and delayed Ca 2ϩ deregulation (DCD) were monitored in CGNs equilibrated with 50 nM TMRM ϩ plus 0.5 M Fluo-5F AM in respiration buffer. The fluorescence of TMRM ϩ (514 nm excitation, 590 -650 nm emission) and Fluo-5F (488 nm excitation, 505-530 nm emission) was monitored. After recording the baseline fluorescence, cells were incubated with different concentrations of rotenone for 60 min and then exposed to 100 M glutamate in the presence of 10 M glycine for 60 min, after which cells were treated with the NMDA receptor antagonist MK-801 (10 M). The cells that failed to show a recovery of free cytoplasmic Ca 2ϩ ([Ca 2ϩ ] c ) to basal levels within 30 min of MK-801 addition were considered to be deregulated.
Cell death. Neurons were incubated in the presence or absence of 20 nM rotenone. After 1 h, 100 M glutamate plus 10 M glycine were added, followed after an additional 1 h by 10 M MK-801. The original culture medium was restored, and, after 24 h, live/dead cell imaging was performed with Syto 13 and propidium iodide.
Results

Rotenone increases in situ mitochondrial matrix O 2
⅐؊ levels Experiments with isolated mitochondria have established that partial inhibition of complex I increases the generation of O 2 ⅐Ϫ from NADH-linked substrates (Kudin et al., 2004; Tretter et al., 2004) . The rate of oxidation of dihydroethidine to ethidium provides a reliable measure of the intracellular levels of O 2 ⅐Ϫ (Vesce et al., 2004) , although the dual localization of the substrate in cytoplasm and matrix makes it difficult to determine the site of origin of the O 2
⅐Ϫ
. To overcome this ambiguity, the recently developed fluorescent mitochondrial O 2 ⅐Ϫ probe MitoSOX (Invitrogen), a positively charged derivative of hydroethidine, was used. Low concentrations of MitoSOX are effectively localized to the matrix in cultured granule neurons (Johnson-Cadwell et al., 2007) . Hydroethidine and MitoSOX are relatively inefficient, trapping only a few percent of the generated O 2 ⅐Ϫ , and their rates of oxidation reflect the local levels of O 2 ⅐Ϫ rather than its rate of generation (Johnson-Cadwell et al., 2007) . Because the membrane-permeant MitoSOX is positively charged, its uptake (and hence extent of oxidation) is influenced by the mitochondrial and plasma membrane potentials (Johnson-Cadwell et al., 2007) , and it was therefore important to establish that any respiratory restriction produced by the suboptimal rotenone concentrations used in this study did not affect either the plasma or mitochondrial membrane potentials. Control experiments monitoring the fluorescence of TMRM ϩ showed that rotenone concentrations up to 20 nM had no significant effect on the membrane potentials (data not shown), whereas 1 M rotenone, a concentration sufficient to maximally inhibit complex I and induce ATP synthase reversal, induces a 17 mV mitochondrial depolarization (Johnson-Cadwell et al., 2007) .
Even the lowest concentration of rotenone (5 nM) produced a twofold increase in the steady-state level of O 2 ⅐Ϫ in the mitochondria (Fig. 1 A) , and this was further increased when rotenone was raised to 20 nM ( Fig. 1 A, C) . The potent superoxide dismutase mimetic MnTE-2-PyP (Patel and Day, 1999) decreased the basal rate of MitoSOX oxidation and virtually abolished the increase seen with rotenone ( Fig. 1 B) . It should be noted that interpretation of MitoSOX signals after NMDA receptor activation is not possible because the concentration of the cationic probe in the matrix will be greatly affected by the loss of the plasma membrane potential.
Rotenone potentiates glutamate excitotoxicity
Chronic activation of NMDA receptors on CGNs induces plasma membrane depolarization (Johnson-Cadwell et al., 2007) , massive Ca 2ϩ entry (Brocard et al., 2001) , Ca 2ϩ accumulation by the in situ mitochondria (Budd and Nicholls, 1996) , and partial mitochondrial depolarization (Ward et al., 2000) and can ultimately result in mitochondrial bioenergetic collapse and a massive increase in [Ca 2ϩ ] c (DCD) as the first irreversible stage of necrotic cell death (Tymianski et al., 1993) . Glutamate increases [Ca 2ϩ ] c in the full population of CGNs (Fig. 2 A) , but deregulating cells can be identified by their failure to restore a low [Ca 2ϩ ] c and TMRM ϩ fluorescence after NMDA receptor inhibition by MK-801. Figure 2 shows that 90% of CGNs recovered membrane potentials and Ca 2ϩ homeostasis when MK-801 was added after 60 min of NMDA receptor activation. As little as 5 nM rotenone increased DCD to 40% (Fig. 2C) , whereas virtually all cells deregulated after NMDA receptor activation in the presence of 20 nM rotenone.
Thus far, the results do not distinguish between an effect of rotenone attributable to inhibition of electron transfer through complex I and that attributable to the observed increase in O 2 ⅐Ϫ levels. However, the inclusion of MnTE-2-PyP failed to protect against DCD (Fig. 2 B) or 24 h cell death (Fig. 2 D) in the presence of rotenone, suggesting that the enhanced DCD and subsequent cell death may have a more direct energetic basis in this model. Consistent with this, ATP levels 2 min after glutamate addition were reduced to 64 Ϯ 7% in the presence of 20 nM rotenone relative to parallel incubations in the absence of rotenone.
NMDA receptor activation uses the full respiratory capacity of the in situ mitochondria NMDA receptor activation results in the entry of Na ϩ and Ca 2ϩ into the cytoplasm. Despite the relative Ca 2ϩ selectivity of most isoforms, the 100-fold excess of Na ϩ over Ca 2ϩ in the incubation medium means that entry of the monovalent cation is dominant and the cell responds by activating the Na ϩ /K ϩ -ATPase to expel the ion. Previous studies with partially depolarized CGNs in media containing 25 mM KCl (Jekabsons and Nicholls, 2004) showed that NMDA receptor activation used 40 -50% of the spare respiratory capacity of the CGNs. In the present study, the cells are incubated in a physiological K ϩ concentration (3.9 mM), and the respiratory stimulation after glutamate/glycine (Fig. 3 B, C) is equal to the maximal respiratory stimulation obtained with optimal concentrations of the protonophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (Fig. 3A) . It should be noted that the absolute values of the respiratory rates are somewhat variable between preparations, which is why it is essential to make sequential additions to the same preparation. Figure 3D shows mean results normalized to either the initial respiration or the maximal FCCP-stimulated respiration.
Rotenone inhibition of CGN respiration
Basal CGN respiration remains constant for at least 150 min of superfusion with incubation medium (Fig. 4 A) . In contrast, addition of increasing concentrations of rotenone result in respiratory inhibition. To determine the effect of the inhibitor on maximally stimulated respiration, rotenone additions were made to CGNs superfused with 3 M FCCP (Fig. 4 B, C) . Respiratory inhibition was seen with 10 and 20 nM inhibitor. As may be expected, the decrease in respiration produced by each concentration of rotenone is greater when the maximal capacity of the respiratory chain is evoked by the protonophore (Fig. 4 D) , indicating that the bioenergetic consequences of complex I restric- tion are most severe under conditions of maximal respiratory demand.
Rotenone and glutamate-stimulated respiration
The respiratory traces suggest that even a minimal impairment of respiratory capacity could be detrimental to cells under conditions of acute high-energy demand. Under control conditions, CGNs can respond to two sequential periods of NMDA receptor activation with little deterioration of the respiratory rate (Fig. 5 A, B) . In contrast, if 20 nM rotenone is present during the second cycle, not only is there a decrease in the maximal respiration achieved but also the residual respiration rapidly decays, consistent with the extensive DCD seen in the presence of glutamate with this concentration of rotenone (Fig. 2) .
If FCCP and glutamate place similar bioenergetic demands on the neuron under these conditions, why is glutamate more toxic to the cell? The answer most likely lies in the Ca 2ϩ influx induced by receptor activation. It is established that much of the Ca 2ϩ entering via the NMDA receptor is accumulated by the mitochondria (Budd and Nicholls, 1996) and that the initial partial depolarization of ⌬ m is attributable to matrix Ca 2ϩ accumulation rather than ATP demand (Ward et al., 2000) . To assess the division of the bioenergetic load after NMDA receptor activation between ATP demand by the plasma membrane ion pumps and enhanced respiration associated with Ca 2ϩ uptake into the mitochondrial matrix, a cycle of glutamate exposure was repeated with the addition of oligomycin simultaneous with the second glutamate addition (Fig. 6 A) . A limited respiratory stimulation was observed compared with glutamate alone. However, under these conditions, almost all neurons rapidly deregulated as shown in Figure 6 B. Extensive DCD was also seen when a single addition of glutamate was made to oligomycin-treated cells (data not shown). This experiment could also be flawed if the action of oligomycin was slower than glutamate. Therefore, we perfused cells first with oligomycin to block the ATP-turnover-driven respiration and then stimulated the cells with glutamate in the continued presence of oligomycin. Data shown in Figure 6C indicates that ϳ17% of the glutamate-dependent increase in respiration could be ascribed to the proton current driving net Ca 2ϩ accumulation into the matrix, with the remainder driving enhanced ATP synthesis.
Discussion
One of the difficulties in modeling neurodegenerative disease is reconciling acute in vitro models with the slowly developing progression of the actual pathology. In the present context, an oxidative stress model would postulate that oxidative damage in vivo slowly accumulates over the years until a threshold was passed at which pathology becomes overt. ATP deficiency, in contrast, causes immediate bioenergetic collapse of the neuron as plasma membrane ion pumps fail. Because the ATP demand depends on the activation state of a neuron, it is possible to explain the pathological time course by assuming that partial complex I restriction gives no phenotype until the neuron is exposed to a maximal ATP demand, a "hundred-year flood". Neuronal ATP demand in situ is variable, and the present acute in vitro model approximates the maximal bioenergetic demand that could reasonably be imposed on an aerobic neuron. Such maximal stresses may be very rare, accounting for the slow progression of the human disease. Prolonged NMDA receptor activation of individual neurons might rarely be experienced, perhaps as a result of local epileptiform firing, and would result in cell death if ATP generating capacity were compromised.
An early concept of the relationship between oxidative stress and glutamate excitotoxicity originated with the studies of Bockaert and colleagues, who used electron paramagnetic resonance to show that glutamate exposure of CGNs resulted in an increased production of free radicals (Lafon-Cazal et al., 1993) . However, the relationship to DCD could not be determined by this technique. Oxidative stress has been subsequently implicated in the number of studies of acute glutamate excitotoxicity. However, when DCD and O 2 ⅐Ϫ levels were determined in real time in individual neurons, it became apparent that the large increase in reactive oxygen species was a consequence rather than a cause of the calcium deregulation (Vesce et al., 2004) . Thus, as One-way ANOVA with Tukey's post hoc test for multiple comparisons was used to determine which means differed significantly from the basal respiration rate (for 5-10 nM, n ϭ 6; for 20 nM, n ϭ 7). **p Ͻ 0.01; ***p Ͻ 0.001.
in the present study, MnTE-2-PyP was an effective O 2 ⅐Ϫ trap but was unable to prevent DCD. An "energy-linked excitotoxicity" hypothesis is not novel and was proposed some years ago (Henneberry 1989; Henneberry et al., 1989) , focusing on the likelihood that bioenergetic insufficiency would potentiate plasma membrane depolarization and hence exacerbate the activation of NMDA receptors by removing the voltage-dependent magnesium block. Glutamate excitotoxicity has been implicated in the pathology of PD (Blandini and Greenamyre, 1998; Greenamyre, 2001) , and it is therefore relevant to investigate the synergy between partial complex I inhibition and maximal ATP demand during chronic NMDA receptor activation. Thus, a failure to detect a decrease in ATP in striatal slices after 30 min exposure to 50 nM rotenone (Bao et al., 2005) may not be relevant because the cells are not called on to maximize their ATP generation.
Under the conditions used in this study, Ͻ50% of the mitochondrial respiratory capacity is required for the basal ATP demand of the cells and to service the endogenous mitochondrial proton leak. However, maximal activation of NMDA receptors imposes a high energetic demand on the in situ mitochondria that can be quantified by the respirometer. Indeed, it is remarkable that the maximal NMDA receptor activation can use the full respiratory capacity of the mitochondria (Fig. 3) . Although both Ca 2ϩ and Na ϩ enter through the receptor and although most isoforms of the receptor show selectivity for calcium over sodium, the hundredfold excess of the latter cation over Ca 2ϩ means that Na ϩ entry dominates, leading to activation of the Na ϩ /K ϩ -ATPase. As shown previously with isolated nerve terminals (Scott and Nicholls, 1980) , such Na ϩ pump activation can use virtually all of the spare respiratory capacity of the in situ mitochondria. It should be noted that the present preparations of CGNs appear to possess a considerably lower glycolytic capacity than those investigated in previous studies by the group (Budd and Nicholls, 1996; Ward et al., 2000) , in which glycolysis was sufficient to maintain function in the presence of oligomycin and glutamate. We have been unable to determine the reason for this difference.
A previous study from this laboratory (Jekabsons and Nicholls, 2004) showed that NMDA receptor activation did not use the full respiratory capacity of the CGN mitochondria when the cells were incubated in 25 mM KCl, i.e., under conditions of partial plasma membrane depolarization. Independent studies have shown that excitotoxicity is greatly reduced under these circumstances (Kiedrowski, 1999) . Because the influx of Na ϩ and Ca 2ϩ would be decreased as a result of the smaller electrochemical gradient of the ions across the plasma membrane, less ion pump activation, and hence ATP synthesis, will be required under these circumstances.
A limitation with the present study is that, although the respirometer reports the population respiration of the neurons, it cannot distinguish variations in individual cells, to allow correlation with stochastic cell deregulation, or between different intraneu- ronal locations. Thus, Davey et al. (1997) observed that complex I in presynaptic mitochondria from hippocampus and cortex possessed a lower spare respiratory capacity, deduced from a rotenone titration compared with nonsynaptic mitochondria from the same regions. Thus, bioenergetic failure may initially be restricted to synaptic regions, interestingly correlating with the observation that neurodegeneration in the rat chronic rotenone model may be initiated at striatal dopaminergic nerve terminals (Betarbet et al., 2006) .
The concept of "spare respiratory capacity" was reviewed by Fern (2003) who suggested that the relative sensitivity of different neurons to mitochondrial inhibitors correlated with the ratio of the glucose utilization rate to the expression level of respiratory chain complexes. In the present context, we actually found that the spare respiratory capacity of a population of cultured neonatal striatal neurons is actually considerably higher than for CGNs (Oliviera et al., 2007) . This does not invalidate the ATP limitation hypothesis for the rotenone model, because it is the nigral dopamineric terminals projecting to the striatum that are selectively vulnerable (Betarbet et al., 2006) .
There is incontrovertible evidence that oxidative stress is associated with rotenone-induced complex I restriction in a number of in vivo and in vitro models of PD as well as LHON. Thus, an increase in mitochondria-derived free radicals (Li et al., 2003; Bao et al., 2005; Beretta et al., 2006) , lipid peroxidation (Beretta et al., 2006) , and oxidative modification of the Parkinson'sassociated protein DJ-1 (Betarbet et al., 2006) have been reported, whereas certain antioxidants can reduce the oxidative damage in vitro (Isaev et al., 2004; Moon et al., 2005; Betarbet et al., 2006) , although others are ineffective (Moon et al., 2005) . Postmortem analysis of mitochondria from individuals with sporadic PD has revealed oxidative damage to complex I (Keeney et al., 2006) and viral delivery of SOD2 to the visual system of a mouse LHON model reduced optic nerve fiber degeneration (Qi et al., 2004) . However, the bioenergetic behavior of in situ mitochondria is the resultant of a complex interacting network of functions, and a debate on oxidative stress versus ATP deficiency may be merely semantic. Thus, studies with CGNs have shown that the bioenergetic failure associated with DCD causes a dramatic increase in O 2 ⅐Ϫ levels in the deregulated cells (Vesce et al., 2004) . Additionally, oxidative stress induced by acute glutathione depletion restricts CGN ATP generation by inhibiting mitochondrial ATP export to the cytoplasm (Vesce et al., 2005) . As confirmed in Figure 1 , oxidative stress, or at least an increase in matrix O 2 ⅐Ϫ levels, occurs in the presence of even low nanomolar concentrations of rotenone. The same range of concentrations results in a dramatic increase in glutamate excitotoxicity under the present experimental conditions (Fig. 2) . However, this does not prove a causal relationship, and the inability of the superoxide dismutase mimetic MnTE-2-PyP (Patel and Day, 1999) to protect against DCD clearly demonstrates that the increased O 2 ⅐Ϫ is not causative in this acute excitotoxic model. In conclusion, the present model shows that low nanomolar concentrations of rotenone enhance mitochondrial O 2 ⅐Ϫ levels, reduce respiratory capacity, and potentiate delayed Ca 2ϩ deregulation in response to chronic NMDA receptor activation. We suggest that bioenergetic insufficiency should be considered together with oxidative stress in animal models of PD. 
